Diffusion barrier layers of anodic alumina, introduced between an oxidation-resistant Al-Nb-Cr alloy and γ-TiAl substrate, have been evaluated using scanning electron microscopy and electron probe microanalysis. Diffusion of titanium to the Al-Nb-Cr coating is obvious when the Al-Nb-Cr alloy coated directly on the TiAl substrate is oxidized at 900°C for 168 h.
Introduction
Intermetallic alloys based on γ-TiAl are of increased interest due to their high mechanical strength at elevated temperatures and their low densities. From these superior properties, these alloys are promising structural materials for aerospace and automotive applications [1] [2] [3] .
However, their oxidation resistance is limited at elevated temperatures between 750-1000ºC, such that many investigations have been carried out to improve their oxidation resistance.
Various third elements, including chlorine, chromium, hafnium, niobium, silicon, silver, tantalum and tungsten, improve the oxidation resistance of TiAl, and the beneficial effects of these alloying elements are summarized by Fergus [4] . Despite the remarkable improvement of the oxidation resistance of γ-TiAl based alloys by alloying additions, the alloying additions frequently deteriorate their mechanical properties. Another way to improve the oxidation resistance is surface modification, which promotes the formation of highly protective alumina scales. It has been reported that pre-oxidation treatment at low oxygen partial pressure [5] [6] [7] [8] , sulfidation pretreatments [9, 10] , pack cementation [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] and ion implantation [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] , as well as oxidation-resistant alloy coatings [12, [40] [41] [42] [43] , are effective in improving the oxidation resistance. To achieve the long-term stability of the oxidation-resistant coatings, diffusion of titanium in the substrate toward the coatings, which frequently reduces the coating performance against oxidation, must be avoided. Thus, it is preferable to introduce a barrier layer for titanium diffusion between oxidation-resistant coatings and TiAl-based alloy substrates.
Anodizing of high purity aluminum in neutral aqueous electrolytes, including borate electrolytes, results in formation of barrier-type anodic alumina films with uniform thickness [44] . The anodic alumina is generally amorphous and contaminated with species derived from electrolyte anions. The in-depth distribution and concentration of the incorporated electrolyte-derived species are dependent upon the type of the anions [45] . For borate anions, they are present in the outer about 40% of the film thickness when the film growth proceeds at high current efficiency. However, their concentration are generally low, less than 1% [46] , such that anodic oxides formed on aluminum is essentially alumina. Anodic films formed at a constant current density grow almost linearly with increasing electrode potential by high-field ionic transport of both aluminum and oxygen ions [44] . The film growth proceeds under the high electric field of ~1 x 10 7 V cm -1 , such that physical defects introduced in the anodic films must be healed during film growth to sustain the high electric field. Thus, alumina films formed by anodizing are promising barrier layers for diffusion.
In the present study, anodic alumina layers have been formed by anodizing of a thin high purity aluminum layer, sputter-deposited on to γ-TiAl substrate, in dilute ammonium pentaborate electrolyte. An Al-Nb-Cr alloy layer has been further sputter-deposited as an oxidation-resistant coating. The alumina layer as a diffusion barrier during oxidation in air at 900ºC has been evaluated mainly by cross-sectional SEM observations and EPMA analysis.
Experimental
Ti-50 at% Al alloy ingots of cylindrical shape were prepared by argon-arc melting of a mixture of 99.5% pure titanium and 99.99% pure aluminum. The ingots were re-melted several times to make the alloy composition homogeneous. Further homogenization was performed by annealing the ingots in vacuum at 1100ºC for 24 h. The alloy substrates of approximately 1 mm thickness were cut off from the ingots, and the surface was ground with a series of SiC papers up to #1500 and then polished with alumina powders of 1 μm in size.
X-ray diffraction pattern of the substrate revealed diffraction lines of only γ-TiAl.
Thin aluminum layers were deposited by dc magnetron sputtering on to the TiAl substrates as well as glass plates for 8 min. The target used was 99.999% pure aluminum disk of 100 mm in diameter. Then, the alumina layer was anodized to prescribed cell voltages at a constant current density of 50 A m -2 in stirred 0.01 mol dm -3 ammonium pentaborate electrolyte at 25ºC without current decay. Thickness of the sputter-deposited aluminum layer was estimated by anodizing of the aluminum layer deposited on glass substrate; from the maximum voltage for anodizing, at which aluminum layer was completely anodized, the thickness was determined assuming a formation ratio of 1.2 nm V -1 [47] and a
Pilling-Bedworth ratio of 1.61 for anodic alumina [48] .
Al-21 at% Nb-10 at% Cr alloy layers of 5-8 μm thickness was sputter-deposited on to the anodized substrates as well as directly to the alloy substrates for 2-2.5 h. The target consists of 99.999% pure aluminum disk of 6 mm in diameter, on the sputter-erosion region of which 99.9% pure chromium and niobium disks of 20 mm in diameter were placed symmetrically. To get alloy films of uniform thickness and composition, substrate holders were rotated around the central axis of the chamber as well as their own axes.
Oxidation of the specimens thus prepared was carried out in air at 900ºC up to 168 h.
Since only one side of the each TiAl substrate was coated by the Al-Nb-Cr alloy with and without alumina layer, no kinetic results were obtained during oxidation of the coated specimens. The oxidized specimens were analyzed using X-ray diffraction, field emission-scanning electron microscopy (JEOL JSM-6300F or JSM-6500F), and electron probe microanalysis (JEOL JSM-5410 equipped with Oxford WDX-400). is formed during oxidation of TiAl, this phase is dispersed in the inner layer. Due to high affinity of titanium for oxygen, the dense and continuous Al 2 O 3 layer cannot be formed on TiAl alloy [49] . A TiN phase, which is usually formed between the oxide scale and TiAl substrate after oxidation in air [50] , may also be present in the present oxidized specimen, but this phase has not been detected by the present analytical techniques.
Results and Discussion

Oxidation of γ-TiAl
Oxidation of Al-21 at% Nb-10 at% Cr deposited on quartz substrate
In order to elucidate the high oxidation resistance of the sputter-deposited Al-Nb-Cr alloy, this alloy specimen deposited on quartz substrate has been oxidized in air at 900°C. A scanning electron micrograph of a fracture cross-section of the specimen oxidized for 24 h is revealed in Fig. 3 . On alloy substrate with grain sizes of ~100 nm, a thin and dense oxide scale, 1 μm thick, is developed. Further, whisker-like oxides are formed at the oxide surface.
The formation of the whisker-like oxides is a subject of future studies. The thickness of the scale is less than one tenth of that formed on the TiAl (Fig. 1) , indicating the highly protective nature of the scale formed on the Al-Nb-Cr alloy.
The X-ray diffraction pattern of the as-deposited Al-21 at% Nb-10 at% Cr alloy reveals only a diffuse halo, typical of amorphous structure (Fig. 4) . During oxidation at 900°C, the alloy crystallized to form an Al 3 Nb intermetallic phase. According to an equilibrium phase diagram for the Al-Nb-Cr ternary system [51] , it is likely that a bcc chromium phase containing aluminum is also present due to limited solubility of chromium to the Al 3 Nb phase.
However, such phase is not identified from the X-ray diffraction pattern shown in Fig. 4 , possibly due to a low amount of the phase formed. The oxide phase identified in the oxidized specimen is only α-Al 2 O 3 . Preferential oxidation of aluminum results in the formation of a highly protective oxide scale.
Multilayer coatings on TiAl
The oxidation-resistant Al-Nb-Cr alloy has been coated on to TiAl substrate. Further, anodic alumina layer has been introduced as diffusion barrier for titanium between the alloy coating and TiAl substrate. The anodic alumina has been formed by anodizing of sputter-deposited aluminum layer, 300 nm thick, in dilute ammonium pentaborate electrolyte.
The influence of the thickness of the anodic alumina layer on the oxidation and titanium diffusion has been examined. suppress the diffusion more effectively than the Coat-2. In the Coat-3 un-anodized thin aluminum layer is present beneath the anodic alumina layer, while a part of TiAl substrate is also anodized in the Coat-2. Absence of titanium species in anodic layer should be preferable to avoid titanium diffusion to the alloy coating. Fig. 6 shows field emission scanning electron micrographs of the Coat-2 specimen after oxidation for 168 h. The thin anodic alumina layer, less than 500 nm thick, is present beneath the Al-Nb-Cr alloy layer. The anodic alumina, which is amorphous before exposing at the high temperature environment, appears to crystallize and its grain size is similar to the layer thickness. More continuous anodic alumina layer with apparently smaller grain size is seen for the Coat-3 specimen (Fig. 7) . Further, the TiAl substrate immediately beneath the anodic alumina layer has fine grained and porous morphology, possibly associated with the presence of a thin metallic aluminum layer before oxidation at high temperature. During heating, the aluminum layer should melt and react with the underlying TiAl substrate, resulting in the change in the morphology of the substrate. However, the anodic alumina layer is still present as a continuous layer, acting as barrier for titanium diffusion.
Although diffusion of titanium is effectively suppressed for the Coat-3 specimen, many micro-cracks are generated in the Al-Nb-Cr alloy coating. And oxidation of the TiAl substrate occurs through the micro-cracks, resulting in the formation of TiO 2 (Fig. 8) . Micro-cracks were also found for the Coat-2 specimen, but most of the cracked regions were healed by filling the cracks with the oxidation products of the Al-Nb-Cr alloy. The severe cracking for the Coat-3 specimen may, therefore, be associated with an aluminum layer, with a low melting point, present beneath the anodic alumina layer.
The oxidation of the TiAl substrate through microcracks of the coatings has been successfully suppressed by a pre-oxidation treatment at lower temperature. The pre-oxidation treatment was carried out in air at 800°C for 24 h. This type of multi-layer coatings is probably applied to a range of metallic materials for protection against high temperature oxidation. It should be mentioned that the oxidation-resistant Al-Nb-Cr alloy layer can be replaced by other oxidation-resistant materials, such as nickel aluminides, silicon carbides and Ni-base superalloys. In the present study, the aluminum layer was prepared by sputter deposition, which may not be suitable for practical application for the deposition on substrates with complex shapes. Other techniques, including electrodeposition from molten salts, should be preferable for the deposition of aluminum layer.
Conclusions
Multilayer coatings, comprising an outer oxidation-resistant Al-Nb-Cr alloy layer and an inner 
